A large database from an experimental maturation pond system in Brazil was used to verify the agreement of field results with values predicted by some of the most widely accepted models to describe ammonium and total nitrogen (TN) removal in facultative and maturation ponds. The same database was used to derive a pH-independent linear model to predict ammonium removal in ponds, which was proved to be, essentially, a function of ammonium surface loading rate. In general, all these models made reasonable predictions of ammonium or TN removal but tended to overestimate low ammonium effluent concentrations while underestimating higher values of field data.
INTRODUCTION
Pano & Middlebrooks' () models have been widely used for predicting ammonium concentration in waste stabilization ponds (WSP) effluents, generally under the assumption that ammonia volatilization is the main mechanism for nitrogen removal. However, as pointed out by Camargo Valero & Mara () , the Pano and Middlebrooks models are actually simple first-order equations for a completely mixed reactor, which reflex statistically significant relationships with pH, water temperature and hydraulic loading rate, but do not provide any information on the nature of the nitrogen removal mechanisms. Similar observations apply to the models proposed by Reed () and Middlebrooks in 1985 (given in Middlebrooks et al. () ) for predicting total nitrogen (TN) removal, which were developed for plug-flow and completely mixed conditions, respectively. Both these models are also dependent on pH, temperature and hydraulic retention time (HRT), in which it is also assumed that ammonia volatilization is the major pathway for nitrogen removal.
Water temperature, pH, and hydraulic loading rate are indeed important factors for NH 3 stripping (i.e. the unionized gaseous form or free ammonia), but are equally important factors for other biological processes in ponds such as an active primary productivity leading to algal nitrogen uptake or simultaneous nitrification-denitrification. In effect, as pH fluctuates as a result of the algae-carbonate interactions in WSP, high pH values may simply reflect intense algal activity, hence algal uptake of the ammonium ionic form (NH 4 þ The aforementioned models were developed based on theoretical considerations for ammonia stripping in a completely mixed or a plug-flow reactor under steady-state and continuous flow conditions, along with other mechanisms such as ammonia removal through biological activity and ammonia releasing into the pond water column from anaerobic activity at the bottom of the pond. The firstorder kinetics models resulting from these theoretical considerations were then calibrated using data from specific conditions in terms of pond type, pond organic load and climate, and were further validated using data from sources other than those used in model development (Middlebrooks et al. ; Crites et al. ) . Yet, as a WSP design tool, all these models suffer from the drawback of being dependent on pH, a variable not known at the designing stage.
In this study a large database from an experimental maturation pond system in Brazil was used to further discuss the usefulness of these literature classical models for ammonium and TN removal in maturation ponds. In addition, the same database was used in an attempt to derive a pH-independent model to predict ammonium removal. (Table 1) . Actually, the pond system had three ponds up to 2003; hence the missing data for pond 4 in periods 1, 2 and 3 in Table 1 Also, due to field constraints, the pond system monitoring was not continuous, thus the time lapses between some periods in Table 1 . An attempt was made to fit a variation from the original Pano and Middlebrooks model to the experimental data. In addition, attempts were made to derive a pH-independent model to predict ammonium removal. Aiming at having a large database, representative of varied operational conditions, data from each maturation pond were gathered in a single dataset, on which stepwise multiple linear regression analysis was applied using the software Minitab Pro 16.2. Firstly, regression analysis was performed between ammonium concentration in pond effluent (Ce) and the following independent variables: (i) water quality variablesbiochemical oxygen demand (BOD), pH, total suspended solids (TSS), chlorophyll a, and temperature (T); and (ii) operational variables -HRT, ammonium SLR, and pond depth (h). Following the evaluation of the statistical significance (p-value) and strength (coefficient of determination R 2 ) of this 'complete model', the software's 'stepwise tool' was used in order to obtain a parsimonious model entailing only the statistically significant variables. In a further step, those variables which are not known at the design stage were withdrawn and another parsimonious model was obtained using stepwise multiple linear regression. The number of analysed data in each of these trials varied according to the results availability: 221 values of each variable involved in generating the first 'complete' model, 476 and 572 values for the second and the final model respectively. Finally, the statistical validity of the resulting model was assessed using graphical tools (i.e. normal probability plot, frequency histogram, residuals vs. fit and vs. observation order plots), and the agreement of field results with values predicted by this final model was evaluated using linear regression analysis. The usefulness of the final model was further evaluated using data from two other pond systems in Brazil: (i) pond system 1, an experimental pilot-scale system rather similar to that of this studya UASB reactor followed by a three-maturation pond series (around 140 to 180 m 2 ; 0.6-0.8 m deep; hydraulic loading rate of 0.15-0.22 m 3 /(m 2 .d); HRT of 1.5-4.3 d), situated in Belo Horizonte (near to Viçosa, with similar climate conditions); this system was monitored from January 2007 up to May 2009 and the dataset comprised 94 results for influent and effluent ammonium concentrations (Assunção ); and (ii) pond system 2, an experimental system comprising an anaerobic-facultative pond series (full scale, 12 m 3 /d), followed by two maturation ponds in parallel (pilot scale, 16 m 2 ; 0.5 and 1.0 m deep; ammonia SLR of 15-60 kg N/(ha.d)), situated in Lins, São Paulo State; this system was studied over June 2007 to December 2009, entailing 84 values for ammonia removal (Ruggeri ).
METHODS

RESULTS AND DISCUSSION
Equations (1) 
where Ce(NH 3 ) ¼ ammonium concentration in pond effluent (mg/L); SLR(NH 3 ) ¼ ammonium SLR (kg N-NH 3 /ha. d); BOD ¼ biochemical oxygen demand in pond influent (mg/L); HRT ¼ hydraulic retention time (d); h ¼ pond depth (m); TSS ¼ total suspended solids in pond influent
The statistical significance of the complete model (Equation (1)) was indicated by analysis of variance (p < 0.001), warranting, therefore, further stepwise tests. The Q 1.5 1.5 1.5 1.5 2.5 2.5 2.5 2.5 3.5 3.5 3.5 3.5 HRT 9.4 9.4 9.4 9.4 5.6 5.6 5.6 h 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 subsequent parsimonious model (Equation (2)) includes cause variables (SLR and pH) for, and effect variables (TSS and pH) from, ammonium removal. It is noteworthy that this model is dependent on TSS, which is an indicator of algal biomass concentration in ponds, suggesting therefore that algal uptake may have played an important role in ammonium removal. However, this model remains dependent on variables which cannot be confidently predicted beforehand (TSS and pH), being then of little practical use for predicting ammonium concentration in pond effluents. Equation (3) in a way overcomes this limitation, was proved to be statistically valid (based on the graphical tests mentioned in the 'Methods' section, but not included herein) but suffers from other issues such as: (i) ammonium SLR was shown to be by far the input variable that most impacted the ammonium effluent estimates; that is, although other input variables were statistically associated with the output, comparatively they had little effect in determining the ammonium concentration in the pond effluent; and (ii) as detailed in the next paragraphs, the linear relationship does not seem to hold for the lowest and the highest values of influent ammonium concentration. Table 2 shows the results of the regression analyses carried out to verify the agreement of our field data of ammonium concentration in pond effluents with values predicted by the Pano and Middlebrooks model and by the linear model derived in this study (Equation (3)).
Overall, ammonium concentrations predicted by both models were in reasonable agreement with field data (Figure 1) , even though they both tended to overestimate low values (noticeably the Pano and Middlebrooks model in the first ponds) and, conversely, underestimate high values (more clearly in the last ponds) of ammonium concentrations (which are though not typical values in the first and the last ponds, respectively). Generally, the linear model overestimated ammonium effluent values below approximately 15-20 mg/L in all ponds (thus, underestimating values above these figures), whereas the Pano and Middlebrooks model overestimated values as high as 40 and 30 mg/L respectively in the first and second ponds, and below 15 and 5 mg/L in the third and fourth ponds, respectively. In short, both models did provide fairly good predictions for the more typical ammonium values of each pond in the series, with better agreements being found for intermediate values of ammonium concentration, i.e. in ponds 2 and 3, mainly for the linear model, whereas the Pano and Middlebrooks model did provide better estimates for high ammonium values in the first two ponds and for low values in the two last ponds. Table 3 and Figure 2 show the results of similar analyses carried out between our field data and values predicted by the Reed () and (Middlebrooks et al. ) models for TN removal. Overall, as with the Pano and Middlebrooks and the linear models for ammonium removal, the Reed model tended to overestimate low TN values, mainly in the first pond, and underestimate high values, in a more marked way in the last two ponds. The values estimated by the Reed model matched the field data around 30, 15 and 5 mg/L, respectively in the first, second and in both the third and fourth ponds. A similar trend was observed for the Middlebrooks model, but it overestimated the measured values in a much more pronounced way than the Reed model. Table 4 and Figure 3 , and Table 5 and Figure 4 , show the results of the analyses carried out to evaluate the linear model derived in this work against field data from two other pond systems in Brazil (pond systems 1 and 2 as described in the 'Methods' section). When tested against a pond system rather similar to that of this study (system 1), the linear model derived herein well predicted the field data, although, once again, somehow overestimating low values of ammonium concentrationup to approximately 10 mg/L, and underestimating values above this figure (Table 4 and Figure 3 ). However, when tested against pond system 2 the linear model worked reasonably well for predicting ammonium in the effluent of the facultative pond, but not at all for the maturation ponds (Table 5 and Figure 4) . Even in the case of the facultative pond, although the linear model provided good predictions for intermediate values of ammonium concentrations (around 10-15 mg/L), it now underestimated low values (even producing negative values) and overestimated higher values. In attempt to adapt the original Pano and Middlebrooks model to our experimental data, Equation (4) was derived based on ammonium and pH mean values (calculated for data subsets covering periods for which there was a more evident association between pH change and ammonium removal) and fixing pH at 7 as the minimum observed value corresponding to which negligible ammonium removal was recorded (in fact during the whole study period pH never dropped below 7) ( Figure 5 ). Even though the Pano and Middlebrooks variant model did not have a strong statistical basis (R 2 ¼ 0.45, Figure 4 ), it did predict ammonium effluent concentrations in a reasonable way, although somehow augmenting the effect of overestimating the measured ammonium values in relation to the original Pano and Middlebrooks model (Table 6 and Figure 6 ).
Ce ¼
Co 1 þ 0:033167:(A=Q):e (0,669:(pHÀ7)) ½ (4) 
CONCLUSIONS
Applying regression analyses on a large field dataset, a simple linear model depending only on design variables that can be previously and confidently set (in other words, a pH-independent model), was derived and shown to predict ammonium effluent concentrations of maturation ponds in agreement with our own field data. However, when this same model was further evaluated using data from two other pond systems in Brazil, it still made good predictions of effluent ammonium concentrations in a system rather similar to that of the present study, but did not work well for the other pond system. For this, and also because the linear function of the model does not seem to hold for both low and high values of ammonium (more clearly, below 5 mg L À1 and above 40 mg L À1 ), it is suggested that it should not be used as a pond design model. On the other hand, the modelling exercise presented herein does point out, within the prevailing climate and pond hydraulics and physical conditions tested in this work (such as HRT and pond depth), the outstanding effect of ammonium SLR in ammonium removal, which is in itself relevant information for design purposes, for instance for preliminary land area requirement evaluation. This study also adds further indication that, in general, the Pano & Middlebrooks () model and both the Middlebrooks et al.
() and the Reed () models still make reasonable predictions of, respectively, ammonium and TN removal in maturation ponds, in spite of the suggestions gathered elsewhere that ammonia volatilization is not the main pathway for nitrogen and ammonium removal in WSP. However, it should be noted that all these models tended to somehow overestimate low ammonium effluent concentrations whereas underestimating higher field data values. Hence, there certainly is need for further efforts, including more sophisticated approaches such as nonlinear or dynamic modelling but at the same time delivering practical design models, for predicting nitrogen removal in WSP.
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